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A STRATEGY TO ROTATETHE MARS OBSIRVER ORBIINODILINIE
1O ADVANCE THF MAPPING SCHEDULE

Henry J. Pemlcka’, Theodore H. Sweelser’, Ralph B. Roncoli

1 t-w Mars Observer (MO) spacecraff was successfully Jaunched on
Septembeor 25,1992 and will anive al Mars on August 24, 1993, Al
Mews, ihespacecralt will study the plancet's surface, atmospheate,
and gravitational and maognedic fields, In order 1o achieve these
scienlific objectives, MO will be placed in a 2 PM (descending
node) sun-synchronous orbil. Upon arival al Mars, however, the
Jongilude of the descending rode will tHe approximately 15¢
agreater than the desired value. The baseline plan requires a 59
day "wailing” period for it e con ect solar orientation 1o occur,
During t h i s period, 28 days are required for scientific
experimentalion but the remaining 30.6 days potentially could be
eliminaled. 1 he straleqgy developed in Ithiis study examined the
possibilily of using any "excess" AV available ol Mars arrival 1o
rotate the node line 1o the desired volue and thus allow mapping
1o begin earlier. A preliminary analysis completed prior to launch
is described that examined 1he entire launch period including the
required AV {o petform e needed nodal rofation. Arnore
deatailed sludy poerlonmed oflerlaunch is also summarized.

INTRODUCION

1 'he Mars Observer (MO) spacecr aft was successfully Jaunched 0 1 1
September 25,1992 aboar d a titan 11 17108 launch vehicle and will arrive at Mars on
August 24,1993, At Mas, the spacecraft will study the planet's surface, atmosphere, and
¢ 1 avitational and magnet ic ficlds. 11 01 der to achicve thiese scientific object ives, MO
will be placed in a near -circular 2 PM (descending node) sun-synchronous orbit.
I Jowever, upon arrival at Mars, the node line o f the initial orbit about Mars will be
appr oximately 15¢ cast of the desii ed position.  The bascline plan requires a 59 clay
"waitin g" period for the. correct solar orientation to occur while thie spacect aft "drifts™ in
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an elliptical orbit that is ncarly fixed with respect to inertial space. 1 during this period
28 days arc required for scientific experimentation but the remaining 30.6 day s
potentially could be eliminated.  The st rategy developed in this study, referr ed o as
"power-in", examined the possibility of using any "excess" AV capability available at
Mars arrival (o rotate the node line to the desired value and thus allow mapping to begin
catlier. A n carlier star (1o mapping before the dust scason begins not only increases the
science return from  the mission but also provides more time to er1 sure successful
spacecr aft deployment into the mapping configur alien before solar conjunction.  94e
main goal of this study was to devel op a preliminary node-shift strategy consistent with
the bascline orbit insertion design and to identify the  Av requirements to perform the
node line rotation. A preliminar y analysis completed prior to launch is described that
examined the entire launch J) C.] iod and provides the required AV to per for m the needed
nodal rotation for cach possible ar 1 ival date at Mars. A moredetailed stud y performed
after Jaunch is al so summarized that addresses the operational considerat ions o f
implementing, the power-in option corresponding to the actual lau nchy date.

BASELINE ORBIT INSERTION DESIGN

The baseline o1bit insertion strategy involves a series of scven mancuvers
exccuted over a period of approximatel y three and a half months to mancuver the
spacecrafll from its initial capture orbit with a dayside, descending node near 5 PM Jocal
mean solar time to the desired 2 PMmapping 01 bit solar orientation. i g. 1 illustrates the
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difference in solar geomet ry between the approach) hiyperbola and the desired mapping
orbit orientation.  One of the primary guidelines in the design of the bascline orbit
inscr ion strategy was to minimize the propulsive requirements on the spacecr aft. Since
rapid transition to the 2. M 01 ientation could not be achieved without incor porating a
substantial out- of-plane. component, al of the bascline orbit inscriion mancuvers were.
designed as in-p lanc mancuvers.  With this strategy, transition to the desired solar
01 icntation would be achicved by cainploying a "wai ting " petiod i which the Sun would
appear tomove eastward with respect to the nearly inertially fixed orbitnode line due. to
the orbital motion of Mars about the Sun.

The baseline orbit insertion design would, if used, result in the deployment of
MO in the mapping orbit in carly to mid - 1 december, depending on the actual Jaunch
date.’(1 ‘or the actuallaunch date. of Scptember 25, 1 992, mapping would begin on
December 12, 1993)) 1 dg. 2 displays a timelim for the sequence of seven 01 bit inser tion
mancuvers and Fig. 3 shows a sketch of the insertion sequence. Inlig. 2., the abscissa
represents the dates at whit.]) mancuvers O1 other events occur, while the ordinate lists the
range of possible launch elates for MQO. The dashed horizontal line corresponds to the
actoal Jaunch date.

As shown in Fig. 3, the first orbit insertion mancuves, labeled Mars Orbit
Insertion (MOI), brake.s the spaceer aft from its hyperbolic approach into a capture
cllipse. This cllipse has a period of 72.0 hews, radius of periapsis of 3950 ki (553 km
altitude), and aradius of apoapsis of 79,594 km. The magnitude of MOI ranges from
approximately 700 m/s to around 8001/s, depending on the launch date.

'The second orbit insel lion mancuver, Fllipse Change Mancuver -1 (1 iCM-1), is
performed 1 (),S days after MOland is a small mancuver (approximately three m/s) used
to lower periapsis altitude to 453km. 1iCM- 1isperformed at apoapsis.

The third orbit insertion mancuver, lillipse Change Mancuver-2 (1CM- 2), is
performed ncar periapsis 10.5 days after 1 #CM-1and Jowers apoapsis radius to
36,314 Km. The magnitude of this mancuver is approximately 12.7 m/s. The resulting
orbit has aperiod of onc day andisncarly fixed with respect to incr tial space due. to its
relative] y large size (i.e., the. perturbation for ces fi om the gravitational hat monics of Mars
arcrelatively small). This orbit is termed the one-day "drift” orbit. This time spent in
this orbit is 59.0 days for the actual launch date. of MO.

The fourth maneuver, 1XCM-3, is pe1formed 14 days prior to the fifth mancuver,
Transfer to TLow Orbit- 1 (11 ,0-1). ) {CM- 3 isuscdto correct any errorsin the orbit a
clements, particularly periapsis and inclination. ‘1'10- Tis performed (at periapsis) when
the orbit is close to a 2.:16 PM descending node orientation and reduces the orbit period
104.2110111's, "This mancuver was designed to remove approximately half of the enerpy
required to reach the mapping orbit and has a magnitude of 560 m/s. Removing the
cnergyintwo ‘1’1 O Mancuvers instead of one reducesthe £ravitylosses.



the node. orientation reaches 2:00 P.M. dlid lowers the spacecraftinto the mapping orbit.
The magnitude of this miancuver is approximately 626 m/s. Scven (lays after’11.0-2 the
filial mancuver, Orbit Change Mancuver -1 (OCM- 1), isusedto correctany e orsinthe
orbitalclenients of the mapping orbit.

PRE-LAUNCH ANALYSIS OF POWER-IN

Before launch, astudy was conipleted to deter mine how much propellant would
be needed to rotate the line of nodes to advance the beginning of the mapping phasc.
‘1 'his"power-in* idca was analyzed using conic mbits and impulsive Inane.uvcls (although
itis expected that future refined calculations will produce results close to those cornputed
inthis study). Since, of course, the actuallaunch date. was not known prior to launch, the
study included examination of Av costs that would be required to perform power-in
given any of the possible Jaunch date.s (Scptember 16 through October 13,1992).

Prior to launch, MOl and 1HCM- T were identified as mancuvers [hat could be
I nodi fied to incorporate the power-inidea. Nomancuvers could be added to the insertion
sequence, although the Jocation of 1:CM- 1could be varicd.  Recall that in the bascline
orbit insertion squc.rice., MO and }HCM-1would be performed as in-planc mancuvers.
Inorder to rotate the node line, some amount of out-of- p]anc mancuver component must
be added to MOT or HCM- 1 (o1 both). 1 lowever, adding these components would also
affect the inclination of the orbit following both MOl and HHCM-1. Inorder to achicve
the. correct mapping orbit, the inclination following HCM-1must have a specific value
between 92.6° and 92.99, depending on the time. spentin the drift orbit. 1 ‘or this
preliminary analysis anaverage valuc of 92,7/5” was used, ‘1o attain this value afles
1HCM- 1 the incoming hyperbolic inclination must be adjusted, or “biased”, from the.
dc.sired inclination (although an exception is notedlater). A description of the algorithm
usedto talc.ulate. the. incoming hyperbolic inclination follows.

Basic Algorithm

Three basic inputs to the algorithmare used:  the excessamountof A 'V available
o apply to power -in, the Av "split", and the Jocation (true anomaly) of 1iCM- 1. The
AV split, T i, is defined such thata value of 0.0 corresponds to all excess A 'V being
applied at ECM - Twhile a value of 1.0 results in all excess expended at MO Thus a
split of 0.5would divide the. extra A V cquall y between MOland 1CM- 1. Given a
launch date, the corresponding arrival V o, declination, and1ight ascension at Mars are
readily computed. Choosing the inclination of this approach hyper bola then determines
the longitude of the ascending node and the argument of periapsis.  Now the. magnitude
and dire.ction of the MOImancuveris computed to produce the required capturc orbit. In
addition, however, an out-of-orbit-plane component is included in the MOI mancuver to
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rotate the orbit, affecting both the node linc and the inclination.  The magnitude of the
modificd MOJI mancu ver is specified as

MOL,,00 = MOpace T (A Vexcess) Tgy i) (1)

where MOJ, g8 the modified MO)Ymancuver, MOl is the baseline MOl mancuver
computed without power-in, AV ycess 1S the excess A 'V available for use with power-in,
and fg,p5 IS the AV split defined previously.  1ig. 4 illustrates the vector:clationships
that define the baseline. and the modificd MOl mancuvers. In the figure, Vhyp represents
the velocity of MO at periapsis on the appt each hyperbola and V., is the velocity of
MO on the capture ellipse at periapsis after MOlis performed, Note the. modified MOI
mancuver is compute.cl such that the magnitude of Vg, IS unchanged from the baseline
design.

With the calculation of the modificd MOl maneuver complete, the orbital
clements of the resulting capture orbit arc casily found.  Then, the magnitude of the
modificd HCM- 1 maneuver is cornputed as

BHCM-1, 005 BCM-Tp6 4 A Vexeess(1.0 - fs},m), ?)

where 1'CM-1 .+ is the modified 1 {CM-1mancuver and 1 3CM- 1 1,40 is the bascline
1 i{CM- 1 mancuver computed without power-in. - As with the modified MOl mancuver,
the remainder of the excess A V is expended to further rotate the node. line. An out-of-
planc component is added such that the modified HCM- 1 mancuver rotates the node line
as well aslowering peri apsis as required.

The orbital elements following exccution of the modified EHCM-1mancuver are
now easily found. The semi-major axis and cccentricity were constiained to match the
post-LECM-1 bascline values so that the calculation of the modificd HECM-1 would
preserve the periapsis altitude following ECM-1. The inclination, however, was not
specifically targeted. In general, the inclination following HCM-1 will differ from the
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inclination before MO]. This jequires the inclination of’ the hyperbolic approach (o be
adjusted or "biased". ‘The determination of the hyperbolic inclination is accomplished by
usc of an iterative process. A simple Newton method iterates on the value of a first
"pucss” of the hyperbolic inclination until the correct post-1HCM- 1 inclination is obtained.
Once the iteration is complete, the post-HECM- Tinclination will equal the desired value of
97?.7/5" anid the resulting longitude of the ascending node. following 1HCM- 1 can be
cvaluated to determine the nodal rotation achicved.

Results of Pre-Launch Analysis

As outlined in the previous scetion, given an excess AV amount, a AV split, and
a true anomaly for HCM-1, the resulting nodal rotation can be found. To make the
numerical output more casily understood, the amount of nodal rotation was converted to
an equivalent "reductionindrifttime”. (Recall that following 1HCM-2, MO "drifts" in a
one-day orbit until the correct node. orientation is reached.) This reduction in drift time
represents the potential advance in the mapping schedule provided by power-in. The
reductionin drift time is (approximately) the change in the ascending node divided by
the average angular rate of Mars' motion about the Sun ((). 524¢ per day). Also, inorde
to produce results that can be meaningfully evaluated, some operational constraints for
the MO mission were first considered. First, the trae anomaly of HCM-1 was constrained
to lic between 60° and 240° in order to keep the in-plane componernit of 1CM-1small and
to allow for cffective nodal rotation. Another constraint involves the. magnctometer
aboard the spacecraft for which experimenters iequire that MO remain in the onc-day
drift orbit for at lcast 28 days. The resul ts presented here for the pre-launch study were
calculated to leave. exactly 28 daysin the one-day orbit.

Using the algorithm presented in the previous section, each date of the launch
period was examined to delc.mine the. A V requircinents for implementing the power-in
strategy. Hor a particulat launch date. and excess A 'V amount, reductions in drift days
(i.e.,, thenode rotation) were calculated for arange of 1{CM- 1 truec anomalies and AV
splits. These results are readily interpreted if displayed on a contour plot. 1 g, 5 shows
an example of such acontour plot for the actual launch date. of September 25,1992, The
abscissa of the. figure shows the A 'V splitand the ordinate represents the true anomaly of
14CM-1. Fach contour shows the reductionin number of drift days, Note. that the
location on the plot that coricsponds to the maximum  drift day reduction is obvious. In
this case, atruc anomaly of J 75¢and a Av split of ().03 results in the maximum drift day
reduction.  'I'hus at the optimal condition 97 percent of the excess Av is applied at
1 i{CM- 1 and only 3 percent at MOLL It is interesting to note that for all possible launch
dates the optimal conditions are very similar, with the A 'V split varying between ().() and
0.09 and the HXCM -1 location varying between 1°/SC and 1777,

Given alaunch date (and thus an arrival date), the number of desired diift days is
known. The algorithm can be iteratively run until the maximum reduction of drift days

matches the dc.sired number.  In this manner, the required minimum AV can be




identificd. 1 ig. swas computed in this manner, and it was found thata AV ¢ xcess of
11.0 m/s is required to achicve the desired node rotation.

1g.Gisshownina format identicalto Fig. 5 butinstead displays contours of the
requit ed (biased) hyperbolic inclination. Recall that the baseline (noli-biased) hyperbolic
inclination usedin the analysiswas 92..”/5°, At the. optimal point on the plot the requir ed
biased inclination when implementing power-inis86.1C’.  Since }ig. 6 indicates that a
contour corresponding to 92.75¢ exists, then performing power-inat some point along
this contour would require no biasing of the hyperbolic approach. Of course, this would
not correspond to the optimmal location and would require. additional AV to climinate al
of the desired drift days. The next scction addresses this issue in more detail.

Both Figs. 5 and 6 have regions where no contours arc plotted. These regions
occur near higher values of’ the. A V splitand near larger or smaller valucs of HCM-1true
anomaly. In these regions, the 1equired magnitude of 1 {CM-1to just lower periapsis (and
not perform any node rotation) becomes larger than the. AV allot.ated to 1 {CM- 1 by the.
input value of the AV split. Thus these. regions are "excluded” arcas for thie prow- i n
strategy.

As ancxample, the power-in sequence corresponding to the Jocationonlig. S of
the maximum node linc rotation is sumimarized. Table 1 shows the orbital clements of
the spacecraft's orbit prior to and after the MOlandHHCM- 1 mane.uvcrs. in this example,
MOl magnitude is 718.37 m/s and HCM-Tmagnitude is*/ 1.57 m/s, compared to basellilic,
value.s of 71 6.24m/sand 2.’/ m/s.



Table 1

POWER-IN SUMMARY FOR 9/25/1992 LAUNCH DATE

Orbital Element” Pre-MOI Post-MOl  Pre-tCM-1 -PostE CM- 1
Semi-Major Axis (ire) -7139.7 4 17?7s) 4 17m.o 417215
tccenticity 1,5533 0.9054 0.9054 0.9077
Inclination (deg) 86.07 86.36 86.36 92.75
Argument of periapsis (deg) 115.91 115,95 115,95 116.01
longilude of

ascending node (deg)  -105.8% -106.48 -106.48 -113.0
True anomaly (deg) 0.0 0.0 175.0 175.07

“Mars Cenlered, Mars mean equator and equator crossing vector of J2000 (IAU)

Fig. “/ shows the Av required to perform power- in as afunction of launch day
number, assuming that the optima] condition is used. A sccond, dashed line is included
that shows the expected AV excess available that was calculated prior to launch within a
99 percent certainty. The figure indicates that, by pre-launch estimates, sufficient excess
Av would be avail able to perfor m power-in for any launch date cxcept for the last fow




days of the launch period. (The benefits of power-inare not as great toward the end of
the Jaunch period since the time sprint in the drift orbit approaches the 28 day minimum
constraint. ‘1 hus power-in might not 1have been considered in these cascs even if enough
excessAV existed.)

POST-LAUNCH ANALYSIS OF POWER-IN

With the suceessful lJaunch of MO on September 2.5, 1992, attention returned to
the question of power-in for the specific arrival conditions at Mars corresp onding to the
actual laonch date. After the first of four interplanctary Trajectory Correction Mancuvers
(YCMs) was performed, it was estimated that significant spacecraft AV capability
(approximately 134 m/s) would be available over and above the bascline mission A V
requirements. Since the pm-launch analysis had shown that this amount would suffice
for power-in, a working group was formed to determine a particular power-in strategy.
‘The scope of the working group's task expanded from purcly a A vV performance
perspective to include a reconsideration of the entire orbit insertion phase from an
operational point of view as well.

The pre-launch analysis had shown that in all cases the optimal method for
performing orbit rotation was (o apply ncarly all of the excess AV available for power-in
at 1i’CM-1. Thisapproach corresponds to a AV split value near 0.0. 1t was also found
that a slightly modificd approach in which all of the available AV is applicd at HCM-1



(AV split=0.0) costs only 1 to 2 m/s more than the optimum. Thus to simplify both the
analysis and opcrations for power-in, a decision was made to plan to do all the orbit
rotation a FECM- 1 and to continue to plan MOl as an "in- plane" mancuver. This decision
cnabled new ways (0 Jook at the. problem. instead of plotting days reduced in the drift
orbitor incoming inclination as a function of truc anomaly of 1:{CM-1and percentage of
mancuver done at 1 {CM-1(for some fixed excess AV cost, solving for incoming
inclination), onc could now plot the number of days reduced in the drift orbit (relative to
the baseline orbitinscriion stiategy) as a function of total AV COSt and incoming
inclination (sol ving for truc anomal y of }:CM-1).Such a plotis shownin 1 ‘g. 8.

Againfor operational masons, a constraint was emphasized that a minimum of ten
days was required between mancuvers,  Thisled 10 a change inthe way that the drift
reduction was accounted for, so that “the. nuniber of days in the drift orbit" became "the
number of days betweenMOlJand “I'1 017, This change occurred because it became
apparcent that the. 1Kh4-1 and HCM-2. dates could vary when the true anomaly of 1{CM- 1
changed. If the true anomaly of HCM-1 idet; cllo~Ip,) tl]c,l~ four-and-a-fraction orbits is
required between MOJ and ECM-1instead of three-and- a-fraction orbits to meet the ten
day constraint. Thus the executio n of both }iCM-1and ECM-2 would be delayed relative
to the baseline, by onc orbit periodin the.msc.of HCM-2, which would reduce the time
in the drift orbit without making mapping starl any carlicr.

After consideration of the tradcoffs between the science objectives (to  start
mapping carlier yet also to do certain measurements inthe one-day drift orbit) and the
operational concerns (to alow enoughtime between mancuvers yet also to inc.mast. the
time between spacecraft deployment and solar conjunction), a final modificd orbit-
insertion sequence was developed.  The time spent in the one-clay  drift orbit after a
nominal ECM-2 date was set at 33 days (it had been 2.8 in the pre-launch analysis), or
more precisely 17.0-1 was setto be 54 days after M 01, “Jim 1 {CM-3 mane.uvcx was set
10 be 10 days before '1'1.()-1 instead of 14 days, the time between ‘1’1 .0-1and ‘1'1 ,0-2. was
increased from10 1o 11 days, and the time between 11 .0-2 and OCM- 1 was increased
from “/ to 11 days. On this schedule (shownin 1ig. 9), mapping begins on
November 2.2, 1993, instead of 1>ccember 12, 1993, for the baseline (no power-in) orbit
insertion sequence, corresponding to a 26 day reductionin the time from MOl to 11.0- 1.

Two candidate designs for power-in were identified (they are Jabeled CASHD A
and CASE B on Fig. 8) whichmect all the conditions discussed above. Case A
implements power- in without biasing the hyperbolic inclination. As mentioned carlier,
t 1his approach wouldrequire more AV, but does not require any change to the
interplanctary trajectory design. One advantage. to this isthat the decision to do power-in
can be deferr ed until MO1 has occurs ed and its performance IS known.  The Case A
designrequires that HCM- 1be performed at a true anomal y of about 1 S6”, where 96 m/s
is required to eliminate 26 days in the onc-day drift orbit as desired. Case 13, which is
ncarly optima] from a Av point of view, isdone. at a truc anomaly of 17fIC) at a cost of
59 m/s. This design, however, does require modification of TCM-3 to achicve the biased
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inclination at Mars arri val. At this date, t he Mars Obscrver project has appr oved
power-in, and has ncarly completed its evaluation of Cases A and 1.

As post-launch analysis continuced operational considerations bccame more
focused on contingency plans, and this led to another proposed change from the bascline
orbit insertion.  1f an anomaly occuired between 1101 and *J] ,0-?. which required
delaying ‘J] .0-? by more than about a week, then the cost of adding an out- of-1)lanc
componentto ‘1’1 .0-2. to move the node back to its nominal position would be excessive.
To allow more time in the event of such an occurrence it was proposed that the nominal
node position wouldbe at 2:08 PM local mecan solar time instead of 2:00 PM. Woik is
continuing, to verify that 2:08 PM descending node. orientation is acceptable to both
spacecrafl engincers and the. science community.

Another change was proposed basal partly on AV considerations and partly on
operational considerations. Since the initial orbit period a Mars depends on the accuracy
of the MOl exccution it can vary by a few hours.  Combined with the. possible sclection
of ananomaly other than 180” for CM- 1 execution, this increased the probability of an
extra orbit being needed to satisfy the constraint of having ten days between maneuvers.
It turned out that by planning on alonger initial orbit we couldreduce the variance in the
expected 1ICM-2 elate as well as reduce [he. size of the 1HCM-1 maneuver slightly, so a
75-hour period was chosen foy the. initial capture orbit instead of the bascline 72-hour
pc.lied. Both the node change and the initial period change affected the cost of power-in,
as showninlig.10.Case A now correspondsto a cost of 75 m/s at a truc anomaly of
156° and Casc B corresponds to 49 m/s at a true anomaly of 173, Figure 10 also shows
the continuation of the contours into higher-cost, lower-day s-reduction regions for
contingency planning.

CONCLUSION

At thistime., it appears that successful implementation of the power-in strategy will result
in a 20 day advancement of the star t of mapping.  This is desirable since solar
conjunction Will disrapt the communication link to }iarth from 1 december 21, 1993
through January 3,1994 and the dust storm scason at Mars begins just after this time
period and could adversel 'y affect mapping.  in addition, the 20 day advancement
provides more time to complete deployment of the space.claft into the mapping
con figuration prior to solar conjunction. Work continues to rc.fine the strategy and to
determine the most ¢ ffecti ve implement ation of power-in.
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